The vasculature of the central nervous system (CNS) forms a selective barrier termed the blood-brain barrier (BBB). Disruption of the BBB may contribute to various CNS diseases. Conversely, the intact BBB restricts efficient penetration of CNS-targeted drugs. Here, we report the BBB-regulatory role of endothelial sphingosine 1-phosphate (S1P) receptor-1, a G protein-coupled receptor known to promote the barrier function in peripheral vessels. Endothelial-specific S1pr1 knockout mice (S1pr1 iECKO ) showed BBB breach for small-molecular-mass fluorescence tracers (<3 kDa), but not larger tracers (>10 kDa). Chronic BBB leakiness was associated with cognitive impairment, as assessed by the novel object recognition test, but not signs of brain inflammation. Brain microvessels of S1pr1 iECKO mice showed altered subcellular distribution of tight junctional proteins. Pharmacological inhibition of S1P 1 function led to transient BBB breach. These data suggest that brain endothelial S1P 1 maintain the BBB by regulating the proper localization of tight junction proteins and raise the possibility that endothelial S1P 1 inhibition may be a strategy for transient BBB opening and delivery of small molecules into the CNS.
The vasculature of the central nervous system (CNS) forms a selective barrier termed the blood-brain barrier (BBB). Disruption of the BBB may contribute to various CNS diseases. Conversely, the intact BBB restricts efficient penetration of CNS-targeted drugs. Here, we report the BBB-regulatory role of endothelial sphingosine 1-phosphate (S1P) receptor-1, a G protein-coupled receptor known to promote the barrier function in peripheral vessels. Endothelial-specific S1pr1 knockout mice (S1pr1 iECKO ) showed BBB breach for small-molecular-mass fluorescence tracers (<3 kDa), but not larger tracers (>10 kDa). Chronic BBB leakiness was associated with cognitive impairment, as assessed by the novel object recognition test, but not signs of brain inflammation. Brain microvessels of S1pr1 iECKO mice showed altered subcellular distribution of tight junctional proteins. Pharmacological inhibition of S1P 1 function led to transient BBB breach. These data suggest that brain endothelial S1P 1 maintain the BBB by regulating the proper localization of tight junction proteins and raise the possibility that endothelial S1P 1 inhibition may be a strategy for transient BBB opening and delivery of small molecules into the CNS.
blood-brain barrier | sphingosine 1-phosphate | endothelium | tight junction | drug delivery T he blood-brain barrier (BBB) is a protective and regulatory interface that allows the entry of essential nutrients, while preventing harmful substances from entering the central nervous system (CNS) (1) . BBB endothelial cells (ECs) contain abundant tight junction (TJ) proteins, which generate a paracellular seal. In addition, paucity of endocytotic vesicles in brain ECs results in low rates of transcytosis. Furthermore, brain ECs allow efficient transport of select molecules, such as glucose and amino acids, into the CNS (2) . The capillary endothelium is surrounded by a defined basement membrane, pericytes, and astrocytic end-feet processes, constituting the neurovascular unit (NVU), which is essential for maintaining the homeostasis of the CNS (3). Disruption of the BBB is associated with various CNS diseases, including multiple sclerosis (MS), Alzheimer's disease (AD), and ischemic stroke (1) (2) (3) . Conversely, in the normal state, the BBB hinders pharmacotherapy of CNS diseases by limiting drug delivery (4) . Among the 7,000 drugs analyzed in the Comprehensive Medical Chemistry database, only 5% showed efficient BBB permeability allowing transport into the CNS (5) . Therefore, novel approaches for a regulated opening of the BBB may be desirable to facilitate efficient pharmacotherapy of CNS diseases.
Sphingosine 1-phosphate (S1P), a pleiotropic lipid mediator, interacts with five G protein-coupled receptors (GPCRs), S1P [1] [2] [3] [4] [5] , to regulate cell migration, adhesion, survival, and proliferation (6) . Recently, an S1P 1 modulator, FTY720 (fingolimod), was approved as the first-line oral drug for relapsing-remitting MS (7) . Furthermore, S1P and its prototypic receptor S1P 1 have been implicated in neurovascular diseases such as AD and ischemic stroke (8, 9) . S1P activation of EC S1P 1 is essential for vascular development and barrier function (10) . S1P 1 regulates G i -dependent Rac activation, cytoskeletal reorganization, adherens junction (AJ) assembly, and focal adhesion formation, all of which are needed for enhancement of vascular barrier function (10) . Indeed, genetic and pharmacological inhibition of S1P 1 increased vascular permeability in various organs such as lung, retina, and colon (11) (12) (13) (14) . However, the role of EC S1P 1 in CNS vasculature is unknown.
Here, we investigated the involvement of endothelial S1P 1 in BBB integrity in vivo using EC-specific S1pr1 knockout mice (referred to as S1pr1 iECKO mice). The results demonstrate that brain endothelial S1P 1 regulates BBB integrity in a size-dependent manner. With protracted BBB leakiness, EC-specific S1pr1 knockout mice displayed cognitive impairment, but no sign of brain inflammation. Biochemical analysis on brain microvessels revealed that subcellular localization of TJ proteins was altered in S1pr1 iECKO mice, which provides a molecular explanation for the size-selective BBB leakiness in these mice. Transient pharmacological inhibition of S1P 1 led to increased CNS penetration of small molecules, suggesting that targeting S1P 1 may be a promising strategy for the safe delivery of therapeutic agents into the CNS.
Results
Size-Selective BBB Opening in S1pr1 iECKO Mice. To assess the role of endothelial S1P 1 in brain vasculature, we used a mouse model in which S1P 1 is deleted in an EC-specific manner (S1pr1 flox/flox
Significance
The blood-brain barrier (BBB) poses a major obstacle for drug delivery to the central nervous system (CNS). This study revealed that genetic or pharmacological targeting of sphingosine 1-phosphate receptor-1 (S1P 1 ) facilitates a smallmolecule-selective BBB opening, without major signs of CNS inflammation or injury. This size-selective BBB opening could be attributed to changes in the cytoskeletal association of tight junction proteins. Importantly, BBB opening by pharmacological blockage of S1P 1 was reversible, suggesting that targeting S1P 1 may be a promising strategy for the safe delivery of therapeutic agents into the CNS to treat neurodegenerative and neuroinflammatory diseases and neurological cancers.
Cdh5-Cre-ER T2 ; referred to as S1pr1 iECKO ) (12, (15) (16) (17) . Mice were treated with tamoxifen for the first 3 d after birth and allowed to develop into adulthood. Quantitative PCR (qPCR) analysis of RNA from adult brain ECs showed >95% reduction of S1pr1 expression (Fig. S1A ). Brain ECs did not show compensatory up-regulation of S1pr2 and S1pr3 (Fig. S1A) .
To address the role of endothelial S1P 1 in BBB function, we injected 1-kDa fluorescent tracer, Alexa Fluor 555-cadaverine, and examined its distribution in brain. As shown in Fig. 1A , S1pr1 iECKO brains showed enhanced tracer accumulation in the parenchyma by approximately fivefold compared with control mice (Fig. 1B) , suggesting that CNS vasculature is leaky. The tracer accumulation into brain parenchyma was also observed when a 3-kDa dextran-tetramethylrhodamine (TMR) was administered (Fig. 1C) . However, when the mice were injected with 10-and 70-kDa dextran-TMR, there was no significant difference in tracer accumulation between control and S1pr1 iECKO brains ( Fig. 1 D and E) . The blood-retina barrier, which is similar to the BBB, is tight and restrictive (18) . Similar to brain, the enhanced leakage of 3-kDa dextran-TMR was also observed in S1pr1 iECKO retinas (Fig. S2 ). CNS vasculature undergoes angiogenesis and remodeling at early postnatal stages (19, 20) , alterations of which can affect subsequent BBB properties (2, 21) . To determine whether S1P 1 regulates the BBB directly or indirectly via vascular developmental defects (2, 21), we deleted endothelial S1pr1 in adult mice (>8 wk) and analyzed them for BBB function 4 wk after gene deletion. As in the case of early postnatal deletion, adult deletion of S1pr1 enhanced BBB permeability to the 1-kDa Alexa Fluor 555-cadaverine by approximately fourfold (Fig. 1F) . Collectively, these results indicate that endothelial S1P 1 directly regulates BBB integrity in a size-selective manner.
Normal Brain Vascular Structure in S1pr1 iECKO Mice. Because S1P 1 is a key regulator of sprouting angiogenesis (12, 22, 23) , we next examined whether deletion of endothelial S1pr1 affects CNS vascular development, maturation, and pattern formation. No abnormalities were detected in brain vascular density, diameter, and branch points in S1pr1 iECKO mice ( Fig. 2 A and B) . Because endothelial S1P 1 regulates pericyte investment during embryonic development (24), we assessed pericyte coverage in S1pr1 iECKO brain vasculature. Immunohistochemical staining with the pericyte marker CD13 did not show any anomalies in pericyte coverage or positioning relative to the ECs of the capillary wall ( Fig.  2 A and B) . Expression of pan-EC marker genes such as Pecam1 and Tek in whole cortical or hippocampal tissues was not altered (Fig. S1B) . Furthermore, isolated microvascular fragments (Fig.  S1C ) from S1pr1 iECKO brain displayed normal mRNA expression of brain EC-specific genes (Slco1c1, Slc2a1, Abcb1a, Mfsd2a, and Zic3) (ref. 21 ; Fig. S1D ) or other components of the NVU, smooth muscle cells (Acta2), pericytes (Pdgfrb), astrocytes (Gfap, Aqp4, and Mfge8), and perivascular macrophages (Mrc1 and Lyve1) (ref. 25 ; Fig. S1E ). Together, these results show that S1pr1 iECKO brain ECs undergo normal development, CNSspecific EC differentiation, and NVU development.
Inflammatory Gene Expression and Cognitive Function in Early
Postnatally Deleted S1pr1 iECKO Mice. An increase in BBB permeability has been associated with neuroinflammation (26) . For example, the mRNA expression of inflammatory cytokine genes including Il1b, Tnfa, and Il6 increased (up to 40-to 60-fold) in multiple animal stroke models (27) . We next examined inflammatory gene expression in the cortex and hippocampus of control and S1pr1 iECKO mice. However, there was no significant difference in the expression level of Il1b, Tnfa, and Il6 between S1pr1 iECKO mice and controls (Fig. 2C ). In addition, S1pr1 iECKO brains had no signs of perivascular reactive astrogliosis (3) (Fig. S3) . BBB disruption has also been associated with cognitive impairments (28, 29) . Of note, chronic, but not acute, hypertension increases BBB leakage for small molecules, which causes cognitive impairment by enhancing exposure of angiotensin II to perivascular macrophage (30) . Therefore, we asked whether deletion of endothelial S1pr1 and after BBB opening can affect recognition memory. For this purpose, control and S1pr1 iECKO mice were tested for the novel object recognition (NOR) task, a paradigm that is commonly used to investigate recognition memory performance (31) . In this behavioral test, we found that S1pr1 iECKO mice spent significantly less time in exploring a novel object than control mice (Fig. 2D) , although the extent of the impairment was milder than the murine chronic hypertension models (10% vs. 20% reduction in novel object exploration time). Notably, S1pr1 iECKO mice did not show memory defects when endothelial S1pr1 deletion was induced in the adult (Fig. 2E) . Therefore, chronic defects in endothelial S1P 1 signaling that began at early postnatal period led to deficits in cognition memory.
Altered Subcellular Distribution of TJ Protein in S1pr1 iECKO Brain Microvessels. BBB is characterized by highly specialized TJs sealing the paracellular space between adjacent ECs and a low rate of transcytosis from the vessel lumen to the brain parenchyma (1-3). Size-selective BBB opening has been observed in mouse models where TJ genes, including the Cldn5 encoding claudin-5 and/or the Ocln encoding occludin, were deleted or knocked down (32) (33) (34) . Therefore, we sought to determine whether BBB opening in S1pr1 iECKO mice is associated with TJ protein modulation. To this end, we first compared the expression levels of major TJ proteins, claudin-5, occludin, and ZO-1, together with AJ protein, VE-cadherin, between control and S1pr1 iECKO mice. Examination of mRNA and protein expression levels in purified brain microvessels revealed that S1pr1 iECKO Uninjected S1pr1 flox/flox S1pr1 iECKO ) and S1pr1 iECKO mice (n = 3 or 4). (F) Quantification of extravasated cadaverine in control and S1pr1 iECKO mice when the deletion was induced in the adult (n = 3). Data are expressed as mean ± SD. *P < 0.05; **P < 0.01 (Student's t test). NS, nonsignificant. mice showed normal expression levels for these TJ and AJ proteins ( Fig. 3 A and B) . TJs and AJs are linked to the cortical actin cytoskeleton, which controls the subcellular distribution and functions of these adhesive proteins (35) . Because S1P 1 is a key regulator of endothelial actin cytoskeleton (10), we further examined the subcellular distribution of TJ and AJ proteins in the brain vasculature. For this purpose, subcellular distribution of TJ proteins was examined by immunofluorescence confocal ) and S1pr1 iECKO mice stained with collagen IV (basement membrane) and CD13 (pericyte). A, Lower shows high-power magnification images. (Scale bars: 100 μm.) (B) Quantification of cortical vascular density, branching, diameter, and pericyte coverage (n = 3). (C) qPCR analysis on the expressions for Il1b, Il6, and Tnfa in cerebral cortex and hippocampus (n = 5). (D and E) Assessment of recognition memory performance on control and S1pr1 iECKO mice by NOR task when the deletion starts after birth (D) or in the adult (E). The exploration time of the novel objects was expressed in percent of both novel and familiar objects (n = 11, D; n = 7, E). Data are expressed as mean ± SD. *P < 0.05 (Student's t test). NS, nonsignificant. ) and S1pr1 iECKO mice. Relative expression levels normalized to pan-EC marker Pecam1 are shown (n = 4). (B) Representative immunoblot image (Left) with quantification (Right) of TJ proteins Claudin-5, Occludin, and ZO-1 and AJ protein VE-cadherin in control and S1pr1 iECKO brain microvessels. Anti-CD31 antibody was used as a loading control and for the normalization in quantification (n = 3). (C) Subcellular distribution of TJ proteins Claudin-5, Occludin, and ZO-1 in control and S1pr1 iECKO brain microvessels (n = 5). Representative immunoblot images (C, Upper) with quantification (C, Lower) are shown. The distribution of TJ proteins in each fraction represents percent of total (C, Lower). Data are expressed as mean ± SD. *P < 0.05 (one-way analysis of variance).
microscopy. However, we did not observe obvious differences in the TJ protein distribution in microvessels from control and S1pr1 iECKO brains (Fig. S4A) . Next, we performed subcellular fractionation experiments using purified microvessels from the brain of control and S1pr1 iECKO mice. Irrespective of the genotypes, CD31 and VE-cadherin were exclusively detected in the membrane and cytoskeletal fractions, respectively (Fig. S5) . Meanwhile, claudin-5 and occludin were detected in the membrane, nuclear, and cytoskeletal fractions. Higher expression of these TJ proteins was observed in the membrane fraction, but less expression was detected in actin cytoskeletal fraction in S1pr1 iECKO microvascular fragments compared with control mice (Fig. 3C) . However, immunofluorescence confocal microscopy did not detect altered subcellular distribution of TJ proteins (Fig. S4B) . These results suggest that the loss of S1pr1 reduces cytoskeletal association of TJ proteins without gross changes in their expression level or localization in brain ECs, which may facilitate an increase in BBB permeability to small molecules.
Reversible and Size-Selective Opening of BBB by Pharmacological
Targeting of S1P 1 . Because S1pr1 deletion induced a sizeselective BBB opening, we next investigated whether S1P 1 inhibitors can open the BBB. For this purpose, we used the FDA-approved drug FTY720 (fingolimod), which targets all S1P receptors except S1P 2 (7). FTY720 is a prodrug that is phosphorylated in vivo to form FTY720-P, which works as functional antagonist for the S1P 1 by inducing its internalization and degradation (11, 36, 37) . Indeed, three consecutive days of treatment with FTY720 successfully reduced the expression of S1P 1 in microvascular fragments (Fig. 4A) . FTY720-treated wild-type mice showed higher brain accumulation of 1-kDa Alexa Fluor 555-cadaverine tracers, but not of the 10-kDa tracer, recapitulating the S1pr1 iECKO mice phenotype (Fig. 4 B and C) . However, FTY720 treatment did not show any enhancement of 1-kDa Alexa Fluor 555-cadaverine extravasation to brain parenchyma in S1pr1 iECKO mice, indicating that the effect is S1P 1 -dependent (Fig. 4D) . Importantly, the BBB opening induced by FTY720 was reversible and was not observed at 7 d after the injection (Fig. 4E) . Treatment with the S1P 1 -selective functional antagonist NIBR-0213 (38) showed fivefold increase of 1-kDa Alexa Fluor 555-cadaverine accumulation in brain parenchyma at 6 h after injection, but not at 48 h after injection of NIBR-0213 (Fig. 4 F and G) . Collectively, these results indicate that pharmacological targeting of S1P 1 reversibly increases the BBB permeability in a size-selective manner.
Discussion
The BBB is essential for the maintenance of brain homeostasis, while BBB dysfunction has been associated with numerous CNS diseases (1-3) . Therefore, maintenance and restoration of normal BBB function is thought to be a potential therapeutic approach. Conversely, BBB is an impediment to drug delivery into the CNS. Therefore, a detailed understanding of the development and maintenance of BBB is of critical importance for the development of novel therapeutic approaches for many CNS diseases (4) . In the present study, we examined the role of endothelial S1P 1 on BBB function using S1pr1 iECKO mice. We found that S1pr1 iECKO mice exhibit a small-molecule-selective BBB opening, without major signs of CNS inflammation or injury. Such a size-selective BBB opening could be attributed to changes in the subcellular localization of TJ proteins. Furthermore, we succeeded in reversibly and size-selectively opening the BBB by pharmacological blockage of S1P 1 .
Numerous studies have examined BBB development or maintenance (2); however, there is limited evidence of size-selective disruption of BBB in mice. For example, Cldn5 knockout (32), as well as knockdown of both Cldn5 and Ocln (33, 34) , results in enhanced BBB permeability to small molecules. These reports have highlighted that small-molecule transport through the BBB may occur via the paracellular route. Interestingly, the molecular size threshold for increased permeability observed in S1pr1 iECKO mice (3-10 kDa) is similar to that in Cldn5 and Ocln double knockdowns (34) . Thus, inhibition of S1P 1 -regulated TJ protein function in brain EC may allow small molecules to enter the brain parenchyma.
Very recently, two other molecules, lipolysis-stimulated lipoprotein receptor (39) and GPR116 (40) , were shown to regulate BBB permeability in a size-selective manner. Although TJ morphology did not show major alterations in these models (39, 40) , it is still conceivable that S1P 1 may regulate BBB function by cooperating with these molecules. Indeed, S1P 1 and GPR116 are both EC-enriched GPCRs, and may contribute to BBB maintenance through common mechanisms.
As a barrier-enhancing GPCR, S1P 1 has been reported to regulate AJ by regulating VE-cadherin distribution in cultured ECs (10, 41) . Although our biochemical approach did not show any changes in VE-cadherin subcellular distribution in S1pr1 iECKO mice, alteration of the AJ structure or function may also be involved in the increased BBB leakage in these mice.
The molecular mechanism by which loss of S1P 1 alters the localization of TJ proteins in brain ECs is still unknown. One possibility is that continuous activation of S1P 1 might be essential for cortical actin formation in brain ECs, which could directly facilitate proper maintenance of TJ protein complexes (35) . Importantly, the S1P 1 /Rac pathway strongly induces cortical actin rearrangement by regulating actin-associated proteins, cortactin and myosin light chain kinase, in cultured ECs (10) . Another possibility is that S1P 1 regulates phosphorylation of TJ proteins. Multiple phosphorylation sites have been reported in claudin-5, occludin, and ZO-1 (42), which have been linked to both increases and decreases in their interaction to actin cytoskeleton (43) . Notably, these phosphorylation sites are targets of c-Src, FAK, PI3Ks, Rho kinases, and PKCs (42), which can be modulated by S1P 1 signaling. Further studies are needed to examine whether TJ phosphorylation is altered in S1pr1 iECKO mice, and, if so, to assess which signaling pathways are used.
Size-selective leakage of BBB observed in S1pr1 iECKO mice may impact initiation or progression of CNS diseases. High levels (∼1 μM) of S1P are found in blood, and more than half of plasma S1P is associated with high-density lipoprotein (HDL) (44) . Importantly, lower plasma concentrations of HDL were reported to be associated with dementia (45) . Considering that BBB leakage for small-size molecules (angiotensin II) can lead to cognitive defects (30) , attenuated HDL/S1P 1 -dependent tightening of the BBB may be a risk factor for dementia. A recent study also demonstrated that BBB disruption is selective for small-size molecules at the early phase of murine ischemic brain injury (46) . This initial size-selective BBB disruption was attributed to actin cytoskeletal changes (46) , which is a likely mechanism of BBB disruption in S1pr1 iECKO mice, as discussed above. Importantly, S1P 1 agonists may be protective in ischemic stroke (9) , and an anticoagulant protein S displayed a protective role in hypoxic/ischemic BBB disruption in a S1P 1 -dependent manner (47) . Together, these observations raise the possibility that brain endothelial S1P 1 may have a protective role in ischemic brain injury or dementia.
Endothelial S1P 1 may be one of the key regulators of homeostatic BBB function. Tonic activation of S1P 1 in brain ECs from the luminal side may tighten the paracellular barrier and promote BBB function. In addition, S1P 1 activity may also be regulated from the abluminal side by circulating S1P. In the lymphoid organs, multiple perivascular cellular components maintain local perivascular S1P gradients, which are important for immune cell trafficking (44) . Recent studies suggest the highly dynamic nature of BBB during the sleep-awake cycle (48) . The plasticity of the BBB seems to be important to facilitate both the protection of brain from blood-derived toxins and the elimination of deleterious byproducts of brain metabolism. Because brain capillary endothelium is surrounded by other cellular components of NVU, the potential perivascular local supply of S1P might facilitate S1P 1 -dependent BBB maintenance by cooperating with circulatory S1P.
Our study also suggests that targeting endothelial S1P 1 could be a promising approach for the delivery of therapeutic agents to the CNS. Many attempts have been made to bypass the BBB for CNS drug delivery (4). However, massive disruption of the BBB could have damaging consequences for the CNS (4). Therefore, reversible and limited opening of the BBB would be an ideal strategy for CNS drug delivery. Indeed, using FTY720 and NIBR-0213, we were able to reversibly open the BBB. The sizeselective property of BBB opening by targeting S1P 1 would also offer the safe CNS delivery of compounds by avoiding severe brain inflammation or edema that could be driven by the transfer of blood-borne macromolecules into the brain parenchyma, such as fibrinogen. This notion is further supported by the observation that S1pr1 iECKO mice did not show any signs of inflammation or gliosis in brain. Indeed, S1pr1 iECKO mice did not show memory defects if endothelial S1pr1 was deleted at adult stages.
Notably, it is reported that S1P 1 -agonism reduces P-glycoprotein (P-gp) transport activity in rodent in situ perfusion experiments (49) . In that study, FTY720 was shown to increase brain accumulation of the drugs by its agonistic activity. Furthermore, the authors found unaltered brain distribution of sucrose by either S1P 1 agonist or antagonist, suggesting that TJ-mediated paracellular BBB permeability may not be regulated by S1P 1 . Although the reasons for this discrepancy remain unclear, differences in chemical properties of tracers (cadaverine or dextran vs. sucrose), model system (awake mouse vs. in situ perfusion), or ligand administration route (gavage vs. carotid infusion) may have played a role. Future studies testing different classes of tracers including P-gp substrates on S1pr1 iECKO mice would help provide a better understanding of the different factors determining the BBB functional characteristics.
In summary, we have demonstrated that endothelial S1P 1 regulates BBB permeability in a size-dependent manner. Furthermore, we have shown that pharmacological targeting of S1P 1 induces a reversible opening of the BBB, which may be of potential therapeutic value for the safe delivery of drugs into the CNS. Further investigations into the contribution of S1P 1 in other NVU components on the development and maintenance of BBB would yield important information for the future therapeutic application of S1P 1 modulators on a variety of CNS diseases.
Materials and Methods
Mouse Strains. Mice were housed in individual ventilated cages in a temperature-controlled facility with a 12-h light/dark cycle at Weill Cornell Medical College. EC-specific S1pr1 knockout mice (S1pr1 flox/flox Cdh5-Cre-ER T2 ; S1pr1 iECKO ) were generated as described (12, 13, 16, 17) . Mice were treated with tamoxifen by oral gavage (50 μg/d) for the first 3 d after birth and used for the experiments at the age of 10-16 wk. For the adult deletion experiments, 8-wk-old mice were treated with tamoxifen by oral gavage (100 μg per gram of body weight) for three consecutive days and used for the experiments 4 wk after last injection of tamoxifen. S1pr1 flox/flox mice without the Cdh5-Cre-ER T2 gene were treated with tamoxifen in the same way as S1pr1 iECKO mice and used as control mice (S1pr1 flox/flox ). All experiments were performed in male mice. All animal experiments were approved by the Weill Cornell Institutional Animal Care and Use Committee.
Tracer Injection Experiments. Brain tracer leakage experiments were performed as described (40, 50) . Mice (10-12 wk of age) were injected in the tail vein with Alexa Fluor 555-cadaverine (6 μg/g; Invitrogen), 3-kDa dextran-TMR (10 μg/g; Invitrogen), 10-kDa dextran-TMR (15 μg/g; Invitrogen), or 70-kDa dextran-TMR (100 μg/g; Invitrogen) dissolved in saline. After 2 h (for Alexa Fluor 555-cadaverine or 3-kDa dextran-TMR), 4 h (for 10-kDa dextran-TMR), or 16 h (for 70-kDa dextran-TMR), mice were anesthetized and perfused for 7 min with ice-cold PBS (pH 7.4), and brains were removed. After dissection, the cortex was weighed and homogenized with 1% Triton X-100 in PBS. Cortical lysates were centrifuged at 12,000 × g for 20 min at 4°C, and the supernatant was used to quantify fluorescence (excitation/ emission 540/590 nm; SpectraMax M2e; Molecular Devices). The relative fluorescence values were normalized with cortical weights. Retinal tracer leakage experiments were performed as described (51) . Under deep isoflurane anesthesia, 3-kDa dextran-TMR (50 μg/g) was injected intravenously. After 10 min, the chest cavity was opened, and mice were perfused for 7 min with ice-cold PBS. After perfusion, retinas were removed and homogenized in distilled water. The extract was processed through a 30,000-molecular-weight filter (Amicon Ultra-0.5 mL; Millipore) at 13,000 × g for 10 min. The fluorescence in each 300-μL sample was measured (excitation/emission 540/590 nm; SpectraMax M2e).
Brain Microvascular Fragments. Brain microvascular fragments were prepared as described (52, 53) with minor modifications (see details in SI Materials and Methods).
qPCR Analysis, Immunoblot Analysis, and Immunohistochemistry. RNA isolation, RT-qPCR analysis, preparation of total lysates or subcellular fractions, Western blotting, and immunofluorescence experiments were performed as described in SI Materials and Methods. NOR. The NOR task was conducted as described (30) Statistical Analysis. Statistical analysis was performed by using two-tailed Student's t test or one-way analysis of variance with Bonferroni's multiple comparison test as described using Prism software (GraphPad). P values < 0.05 were considered statistically significant. All results are expressed as the mean ± SD. The lysates were then sonicated and centrifuged at 12,000 × g for 5 min, and the supernatants (10 μL each) were used for the immunoblot analysis as described below. Four subcellular fractions, including cytosolic, membrane, nuclear, and cytoskeletal fractions, were extracted from snap-frozen microvascular fragments by using the ProteoExtract Subcellular Proteome Extraction Kit (Calbiochem) according to the manufacturer's instructions. A total of 200 μL of Extraction Buffer I/II or 100 μL of Extraction Buffer III/IV was used for the fractionation, and 20 or 10 μL of lysates was used for the immunoblot analysis, respectively. Immunohistochemistry. Anesthetized mice were perfused with icecold PBS followed by ice-cold 4% (wt/vol) paraformaldehyde (PFA) in PBS. The brain was fixed overnight with 4% PFA in PBS at 4°C, then thoroughly washed with PBS. The fixed brain was sectioned at 50 μm on a vibratome. Sections were permeabilized and blocked overnight in blocking buffer (1% BSA and 0.5% Triton X-100 in PBS), followed by incubation with primary antibodies, Collagen IV (1:300; Serotec, catalog no. 2150-1470), CD13 (1:300; Serotec, catalog no. MCA2183EL), CD31 (1:100; Dianova, catalog no. SZ31), and GFAP (1:400; Invitrogen, catalog no. 180063) diluted in blocking buffer at 4°C at constant agitation. After 2 d of incubation with primary antibodies, the sections were washed for 6 h in washing buffer (0.5% Triton X-100 in PBS), incubated with fluorescent secondary antibodies (1:200; Alexa Fluor dyes; Invitrogen) diluted in blocking buffer for 24 h at 4°C. Sections were then washed for 6 h with washing buffer, mounted in ProLong Gold Antifade Mountant (Life Technologies), and imaged by using an Olympus FluoView FV10i confocal microscope. All presented images are 3D reconstructions of z-stack. Image processing and quantification was performed by using Adobe Photoshop, ImageJ, or Fiji software (National Institutes of Health). Collagen IV-or CD13-positive immunofluorescent signals were subjected to threshold processing, and areas occupied by their signals were quantified by using the Fiji software. The pericyte coverage was determined by normalizing the CD13-positive area to the collagen IV-positive area. Vascular density was determined by normalizing collagen IVpositive area to total area of cortex. Branch point number was quantified on skeletonized collagen IV signal and normalized to the total area of cortex. Total vascular length was quantified on skeletonized collagen IV signal, and vessel diameter was determined by dividing collagen IV-positive area by total vascular length. Mean ± SD from three independent animals for each genotype were presented. Immunohistochemical staining on TJ proteins was performed on methanol-fixed fresh-frozen brain sections (30 μm). Floating sections were permeabilized and blocked overnight in blocking buffer (1% BSA and 0.5% Triton X-100 in PBS), followed by overnight incubation with the following primary antibodies: claudin-5 (1:400; mouse IgG1, Alexa Fluor 488-conjugated; Invitrogen, catalog no. 352588) or occludin (1:400; mouse IgG1, Alexa Fluor 488-conjugated, Invitrogen, catalog no. 331588), and ZO-1 (1:300; Invitrogen, catalog no. 617300) at 4°C at constant agitation. Sections were washed for 3 h in washing buffer (0.5% Triton X-100 in PBS) and incubated overnight with fluorescent secondary antibodies (1:300; donkey anti-rabbit IgG, Alexa Fluor 568-conjugated; Invitrogen) at 4°C to visualize ZO-1. Sections were washed for 3 h and followed by immunostaining for Glut1 (1:400; rabbit IgG; catalog no. 07-1401, Millipore) with fluorescent secondary antibody (1:400; goat anti-rabbit IgG, Alexa Fluor 405-conjugated; Invitrogen) as described above. To avoid cross-reaction between anti-ZO-1 and anti-Glut1 antibodies, sections were incubated with donkey anti-rabbit Fab fragments (1:100; Jackson Laboratories) and fixed with 4% PFA before incubation with anti-Glut1 antibodies. Sections were mounted on ProLong Gold Antifade Mountant and imaged by using a Zeiss LSM 800 with Airyscan confocal microscope. The 3D reconstructions of z-stack (XY projection or YZ projection) images are shown. For colocalization analysis between claudin-5 or occludin and ZO-1, immunofluorescent signals were subjected to threshold processing and analyzed for Pearson's colocalization by using the ZEN software (Zeiss) in a blinded manner. Images (21-30) from three independent animals for each genotype were analyzed, and results are presented as mean ± SD. NOR. The NOR task was conducted under dim light in a plastic box measuring 29-× 47-× 30-cm high as described (30) . Stimuli consisted of plastic objects that varied in color and shape, but had similar size. A video camera mounted on the wall directly above the box was used to record the testing session for off-line analysis. Mice (16 wk of age) were acclimated to the testing room and chamber for 1 d before testing (30 min in the testing room and 5 min to explore the empty box). At 24 h after habituation, mice were placed in the same box in the presence of two identical sample objects and were allowed to explore for 5 min. After an intersession interval of 1 h, mice were placed in the same box, but one of the two objects was replaced by a novel object. Mice were allowed to explore for 5 min. Exploratory behavior was later assessed manually by an experimenter blinded to the treatment group. Exploration of an object was defined as the mouse sniffing the object or touching the object while looking at it (31) . A minimal exploration time for both objects (total exploration time) during the test phase (∼10 s) was used. The amount of time taken to explore the novel object was expressed as percentage of the total exploration time and provides an index of recognition memory. . Gene expression analysis for S1P receptors, pan-EC, brain EC, and cells of the NVU. (A) qPCR analysis on the mRNA expression for major endothelial S1P receptors, S1pr1, S1pr2, and S1pr3 in isolated brain ECs from control (S1pr1 flox/flox ) and S1pr1 iECKO mice (n = 1). (B) qPCR analysis on the mRNA expression for pan-EC maker genes, Pecam1 and Tek in cerebral cortex and hippocampus from control and S1pr1 iECKO mice (n = 5). (C) Brightfield images of representative microvessels isolated from whole brain. Microvessels ranged from 4 to 15 μm in diameter. (Scale bar: 20 μm.) (D and E) qPCR analysis on the mRNA expression of genes specific for brain-EC (D), and other cell types constituting NVU; smooth muscle cells, pericytes, astrocytes, and perivascular macrophages (E) in brain microvascular fragments from control and S1pr1 iECKO mice (n = 4). . Endothelial deletion of S1pr1 did not affect subcellular distribution of CD31 and VE-cadherin. Representative immunoblot images of CD31 and VE-cadherin in each subcellular fraction from control (S1pr1 flox/flox ) and S1pr1 iECKO brain microvessels are shown. Note that CD31 or VE-cadherin is exclusively detected in cell membrane or actin cytoskeletal fractions, respectively.
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